ABSTRACT: The most abundant isoform (HPLC-6) of type I antifreeze protein (AFP 1 ) in winter flounder is a 37-amino-acid-long, alanine-rich, R-helical peptide, containing four Thr spaced 11 amino acids apart. It is generally assumed that HPLC-6 binds ice through a hydrogen-bonding match between the Thr and neighboring Asx residues to oxygens atoms on the {202 h1} plane of the ice lattice. The result is a lowering of the nonequilibrium freezing point below the melting point (thermal hysteresis). HPLC-6, and two variants in which the central two Thr were replaced with either Ser or Val, were synthesized. The Ser variant was virtually inactive, while only a minor loss of activity was observed in the Val variant. CD, ultracentrifugation, and NMR studies indicated no significant structural changes or aggregation of the variants compared to HPLC-6. These results call into question the role of hydrogen bonds and suggest a much more significant role for entropic effects and van der Waals interactions in binding AFP to ice.
Type I AFP 1 is the smallest and arguably the simplest of the four macromolecular antifreeze types characterized to date (1) . It is in effect a single, long R-helix and therefore lacks tertiary structure (2) . The most abundant isoform of this AFP (HPLC-6) from winter flounder (Pleuronectes americanus) is 37 amino acids long, contains three complete 11-amino-acid repeats of Thr-X 2 -Asx-X 7 , where X is generally alanine, and ends with the start of a fourth repeat. This helical periodicity that places the Thr and Asx residues on the same face of the helix, suggested a mechanism for adsorption of the AFP to ice in which these regularly spaced hydrophilic groups would hydrogen bond to oxygen atoms in the ice lattice (3) . Adsorption leads to inhibition of ice crystal growth (4) because ice is forced to grow with a surface curvature between the bound AFP, which in turn results in a lowering of the nonequilibrium freezing point below the melting point (5, 6) . The difference in these two temperatures is termed thermal hysteresis and is used as a measure of antifreeze activity.
At very low concentrations, AFP bind to ice but do not stop its growth. Under these conditions bound AFP is frozen into the ice rather than excluded by the advancing ice front. The protein binding planes in these crystals have been made visable by sublimation (ice etching) and determined to be the {202 h1} pyramidal plane of hexagonal ice (I h ) for type I AFP (5) . Moreover, because this antifreeze is a nonglobular, extended molecule it was possible to establish a direction 〈011 h2〉 of binding on the plane. An elegant proof of this resulted from the synthesis of an all D-type I AFP, which was shown by the ice etching method to bind to the same plane but in the mirror image direction (7) . This information was used to suggest a hydrogen-bonding match between the i, i + 11 threonines spaced 16.5 Å apart along the helix and accessible ice lattice oxygens spaced 16.7 Å apart along the 〈011 h2〉 direction of the {202 h1} binding plane.
On the basis of this match and the structure of the R-helix, a number of models have been proposed to account for the selective and specific binding of type I AFP to ice that is the foundation of the adsorption-inhibition mechanism. Although all of these models share the Thr hydrogen-bonding match, there is no consensus about the role of Asx. In two reports these residues were not featured in the ice-binding model (8, 9) ; in others they were hydrogen bonded to different ranks of oxygen atoms in the lattice (10, 11) or they occupied a cage position within the lattice without hydrogen bonding (12) .
Throughout all of these deliberations there has been concern that the number and strength of the available hydrogen bonds (with or without a contribution from the Asx residues) may be inadequate to explain tight binding of the antifreeze to ice. At least two imaginative ideas have been put forward to reinforce the hydrogen-bonding hypothesis by suggesting ways in which more hydrogen bonds can be brought to bear on the binding interaction. One suggestion, that the hydroxyl groups of the ice-binding Thr occupy lattice oxygen positions to form three hydrogen bonds instead of one (13) , is, however, not compatible with the R-helical structure of the AFP (11) . The other suggestion is that type I AFP forms patches on the ice surface through interpeptide interactions resulting from side-by-side alignment of the helices. Thus a cluster of n R-helices would be the operative unit, which would have a multiple of n hydrogen bonds.
Although still a formal possibility, this mode of interaction with ice is not supported by the simplest interpretation of the results of AFP mixing experiments, which is that each AFP acts independently (14) .
Refinement of the X-ray crystal structure (11) has confused the situation in some respects. The designated ice-binding Thr are all reported to adopt a rigid side-chain conformation with a 1 of -60°. This is the least accessible rotamer for external hydrogen-bonding and one in which the hydroxyl groups are better positioned to form intra-than extrahelix bonds. It was postulated by these authors that the rigidity and common orientation of the Thr side chains are critical features for concerted hydrogen bonding of the AFP to ice. In contrast to this, solution NMR studies near the solution freezing point indicate that the polar side chains of type I AFP are in fact quite flexible (15) . Although the central Thr (T13 and T24) have a preference for the -60°rotamer seen in the X-ray structure, all four Thr can and do sample many rotameric states, at least prior to binding to ice.
To explore the role of this amino acid in ice binding, we have replaced the two central Thr using chemical synthesis with either Ser to retain the hydoxyl group or Val to retain the methyl group. Surprisingly, the results suggest that hydrogen bonds make a relatively minor contribution to ice binding.
MATERIALS AND METHODS
Peptide Synthesis and Purification. Type I AFP and its variants were synthesized by solid-phase peptide synthesis methodology and purified as described previously (15, 16) . The identity of the peptides and concentration of their solutions were assessed by amino acid analysis. Samples were hydrolyzed in 6 N HCl at 160°C for 1.5 h in sealed evacuated tubes. Hydrolysate was analyzed in a Beckman Model 6300 amino acid analyzer (San Ramon, CA). The amount of each identified amino acid was corrected by reference to an added norleucine standard.
Circular Dichroism Spectroscopy. CD spectra were recorded on a Jasco J-500C spectropolarimeter (Jasco, Easton, MD) as previously described (17) . For temperature denaturation studies, the changes in the helical content of the sample was monitored at 222 nm. Each data point was the average of at least 24 samplings. The buffer used was 50 mM potassium phosphate (pH 7.0), 50 mM KCl.
Sedimentation Equilibrium Ultracentrifugation. Sedimentation experiments were performed on a Beckman model E analytical ultracentrifuge equipped with electronic speed control and Rayleigh interference optics. Samples were first dialyzed exhaustively against 50 mM potassium phosphate (pH 7.0), 50 mM KCl at 4°C. A 100 µL aliquot was loaded into the 12 mm double-sector, charcoal-filled Epon cell, and runs (48 h) with rotor speeds of 36K and 40K rpm at 5°C were performed. The initial loading concentration was 3.52 mg/mL for the LSAAN samples and 3.48 mg/mL for the LVAAN runs. Equilibrium photographs were taken at the end of the run, and fringe counts were performed on a Nikon Model 6C microcomparator. The data were analyzed globally by the program NONLIN (nonlinear least squares analysis of sedimentation equilibrium data) of Johnson et al. (18) . Using the program SEQSEE (19) , the partial specific volumes of LSAAN and LVAAN were calculated to be 0.71 and 0.73 mg/mL, respectively (20) . The density of the solution was calculated to be 1.004 g/mL.
Antifreeze ActiVity and Photomicroscopy. Thermal hysteresis, defined as the temperature difference (°C) between the melting point and the nonequilibrium freezing point of a solution, was measured using a nanoliter osmometer (Clifton Technical Physics, Hartford, NY) as described by Chakrabartty and Hew (21) . For the purpose of comparison, an ice crystal growth rate of more than 0.2 µm/s is defined as having reached the solution freezing point (22) . This operational definition was introduced to standardize thermal hysteresis measurements when it became apparent that some AFP mutants exhibit slow ice crystal growth prior to a defined freezing end-point, and others grow so rapidly that a distinguishable end-point is not observed. All measurements were made in 0.1 M NH 4 (23, 24) , NOESY spectra (25, 26) with mixing times from 100 to 300 ms and a TOCSY experiment (27) using a dipsi-2 spinlock field with 68 ms mixing time. The DQF-COSY experiment used a presaturation pulse of 1.5 s for water supression, while the latter two experiments included watergate solvent supression (28) . Experiments were generally performed using a sweep width of 6600 Hz and 1 K complex data points, and 5600 Hz, 400 complex increments and quadrature detection via the States method in the direct and indirect dimension, respectively. The data were zero filled to yield spectra of 2K × 2K complex data after transformation.
A PE-COSY experiment (29) was performed in D 2 O without solvent saturation with a repetition delay of 1.5 s and sweep widths of 3000 Hz and 2K × 350 complex datapoints. The spectrum was zero-filled to 4K × 2K datapoints and transformed using 45°and 70°shifted sinebell window functions. A DQF-COSY with a 1.5 s presaturation delay, 20-fold oversampling, digital filtering and 880 Hz frequency shifting (to place the center of the spectrum in the aliphatic region) during downsampling to 1K complex data points in the direct dimension and a 1340 Hz sweep width and 400 complex data points in the indirect dimension was also acquired. The spectrum was transformed using zero-filling, shifted sinebell weighting functions, and frequency shifting by 1400 Hz in the indirect dimension to yield a final data set of 4K × 2K data points. Coupling constants were determined and correlated with side chain rotamer populations as recently described (15) . CRH/C H coupling constants for Val and Thr residues were determined from the PE COSY and DQF-COSY experiments with the VNMR software. Traces of the respective cross peaks in the direct dimension were extracted from the processed 2D data sets, and after an inverse Fourier transform retransformed with zero-filling to yield 64K data point frequency domains. The signals were then fitted to 4 (due to partial overlap of V13 and V24 cross peaks) and 2 lines of Lorentzian shape, respectively. Additionally, the Val CRH/C H coupling constants were confirmed by curve fitting the respective resonances directly in a 1D-1 H-NMR spectrum.
RESULTS

Helicity of the Type I AFP Variants LSAAN and LVAAN.
Duplicate substitutions made in the two central ice-binding motifs (11) , which changed the putative ice-binding residues T13 and T24 to Ser or Val (Figure 1 ), were predicted to have no serious impact on the helicity of the AFP. The CD (190-250 nm) profiles of these peptides were very similar at low temperatures with appropriate maximum and minima observed at regions near 190, 208, and 222 nm that are characteristic of a full helical structure (data not shown). Both variants were close to fully helical at 1°C and had T m values of 24°C (LSAAN) and 25°C (LVAAN) that were slightly above that of the wild type (21°C) (Table 1, Figure 2 ). These modest increases in T m values are in line with the accepted helical propensities of amino acids which indicate that Ser and Val are less destabilizing than Thr (30, 31) .
Antifreeze ActiVity of the Type I AFP Variants LSAAN and LVAAN. The thermal hysteresis activity of synthetic wild--type AFP was, as previously reported (15) , indistinguishable from that of the natural protein from flounder serum ( Figure  3) . At a concentration of 2 mg/mL the wild-type LTAAN had a thermal hysteresis activity of 0.40°C. In marked contrast to this, LSAAN at concentrations up to 2 mg/mL was completely unable to halt the growth of a seed ice crystal. Above 2 mg/mL there was a small but measurable thermal hysteresis (up to 0.1°C) within which the ice crystal was held as a hexagonal bipyramid with an average c to a axis ratio of 3.2 to 1 (Figure 4 ). This ice crystal was indistinguishable from that obtained with the wild-type AFP. The atoms of the amino acids are displayed in "stick" form, the calculated solvent surface is represented by "point cloud" and atoms pertinent to the discussion are labeled as H for proton, OH for hydroxyl, and CH 3 for methyl. In contrast, the variant LVAAN was extremely active at depressing the nonequilibrium freezing point. Over the concentration range tested, it had 80-90% of the thermal hysteresis activity of the wild-type AFP. This decrease was small but statistically significant over the entire range. The ice crystal formed in the presence of 1 mg/mL LVAAN also had an average c to a axis ratio of 3.2 to 1 (Figure 4 ). This crystal grew imperceptibly both during the thermal hysteresis readings as the temperature was lowered in stages, and when held at 0.1°C below the melting point for 10 min. In both cases growth was only observed by time-lapse video microscopy. The crystal obtained in 1 mg/mL LTAAN did not grow under either circumstance.
Sedimentation Analysis. One trivial explanation for the dramatic loss of thermal hysteresis activity seen with LSAAN could have been self-association or aggregation of the peptide in solution. To investigate this possibility the molecular weight of LSAAN was estimated by sedimentation equilibrium analysis at 5°C ( Figure 5 ). The equilibrium profiles from two sedimentation runs gave an estimated molecular weight of 3292. This agrees well with the calculated monomer weight of 3215. The data are, therefore, consistent with a model that describes a monomeric species in solution at a concentration up to 6.5 mg/mL (Figure 5a ). LVAAN also behaved as a monomer under similar conditions ( Figure  5b ). The estimated molecular weight of LVAAN based on the sedimentation data is 3226, which compares favorably with the expected value of 3239. These results suggest that both LSAAN and LVAAN are monomeric in solution akin to the wild-type peptide.
NMR Analysis. The NMR spectroscopic data obtained on the variants LSAAN and LVAAN at 4°C were of excellent quality. Within the experimental error 1 H chemical shifts were identical to those of the wild-type HPLC-6 peptide (15). In particular, HR resonance shifts differed by less than 0.04 ppm between the peptides. Only small shift changes (up to 0.10 ppm) occurred for amide chemical shifts, primarily for residues such as L12/23 and A17/28, which are sequential or steric neighbors of the exchanged residues 13 and 24. The peptide exhibited upfield shifted CRH resonances for all sequentially assigned residues (Table 2) 
R (i,i+3) cross peaks were present for several residues throughout the peptides, confirming its R-helical secondary structure ( Figure 6 ).
The stability of these small helical peptides has been proposed to originate in the presence of a salt bridge between K18 and E22 and extensive capping structures at both termini (11) . Supportive observations in the solution NMR data include J coupling patterns of methylene protons indicative of extended side chains for both E22 and K18 (data not shown). While the NMR data does not provide information on the C-terminal capping due to overlap of R37 δ-methylene proton resonances, J coupling constants and the derived high rotamer preference of D1 (Table 2 ) agree with the suggestions of the crystal structure and an involvement of this residue in N-terminal capping. The hydroxyl of S4, however, does not seem to be involved in such an interaction, as its preferred 1 rotamer of +60 precludes the formation of an intramolecular hydrogen bond with the charged terminus.
With the exception of the substituted residues 13 and 24, side-chain properties are basically identical in the LVAAN, LSAAN, and wild-type LTAAN peptides. Focusing on the putative ice-binding motif or residues, NOE cross peaks were similarly observed between Leu (δ CH 3 ) and Asn (δ NH 2 ) side chains one helical turn apart. This indicates the presence of some interaction between the side chains of these two residues. As previously suggested (Gronwald et al., 1996) , this interaction is of a somewhat transient nature, as both residues populate all 1 rotamer conformations albeit with a preference for the -60 rotamer (Asn approximately 60%, Leu 65-70%). Interestingly, D5 is located in an identical position regarding the ice-binding repeat as the two Asn residues but lacks the preceding Leu residue, and similarly prefers the 1 -60 rotamer with 75% occupancy.
The unchanged rotamer preferences for the Asn and Leu residues as well as the lack of NOEs between these side chains and the side chain of residues 13 and 24 in all three peptides suggests the absence of any significant steric interaction between Leu, Asn and the substituted residue (Val or Ser). The side-chain properties of the latter significantly vary between the peptides. In LSAAN only two resonance frequencies were observed for the Ser residues in correlation spectra. Nevertheless, the resonances could be unambiguously assigned using NOE correlations and their intensities. Both C H protons overlap, i.e. resonate at 3.99 ppm ( Figure  7 ). This overlap precludes a quantitative analysis of the sidechain conformation. However, degenerate methylene proton shifts are generally taken as being indicative of the lack of a rotamer preference, i.e. the complete rotational freedom of the respective side chain. In contrast, the valine side chain in LVAAN exhibits a strong conformer preference. Despite the partial overlap of the CRH/CRH resonances for V13 and V24, both coupling constants (Table 2 ) could be individually determined in 1D-NMR spectra as well as by deconvolution of traces (Figure 7a ) through the respective cross peaks in PE-COSY and DQF-COSY data ( Figure 7) . Analysis of the coupling constant of 10.2 Hz for both residues using a threestate jump model yields a population of 72% of the trans or 1 +180 rotamer. However, this value would also be consistent with a nonrotating side chain with a 1 angle of about (150 according to the appropriate Karplus angle dependence of the coupling constant (32) . Thus, the valine residues in LVAAN exhibit a stronger rotamer preference than was observed for the Thr in identical positions in LTAAN, which exhibited only slight preferences of 55% for the -60 rotamer (15) . It should however be noted that sterically both residue types prefer the same rotamer in these peptides, as well in helical environments in general (33) . In both the Thr -60/gauche -and Val +180/trans rotamer the C H proton is trans to the CRH proton, and the c1 angle values and gauche/trans specification differ only due to the atom priority based nomenclature.
The remaining Thr side chains (2 and 35) were again flexible in the two analogs LVAAN and LSAAN. Measured coupling constants were around 6.6 Hz for both residues, suggesting complete rotational freedom for their side chains.
DISCUSSION
Rationale for the Design of Type I AFP Variants. Type I AFP is the least complex of the fish AFPs and the one that d Aliphatic resonances for residues N16/27 in LVAAN and L12/23 and N 16/27 in LSAAN completely overlap. In these cases, J coupling values were obtained for the overlapped signal, assuming identical side chain conformation for these residues on the basis of the repeating sequence and complete chemical shift degeneracy.
is most amenable to chemical synthesis. Indeed, chemical synthesis is the only way to easily duplicate the C-terminal amidation that is an integral part of the helix C-cap. An earlier study by Wen and Laursen (34) reported on a number of synthetic variants that were designed to establish which residues were essential for binding to ice. The study targeted specific neutral and/or polar amino acids along the length of the peptide. The synthetic variants typically had lower thermal hysteresis activity than the wild-type AFP, and the authors concluded that Thr and Asn (or Asp) were critical for maximum activity. However, in most variants more that one type of amino acid replacement was made in the same molecule, and it was not possible to assess the individual impact of the different changes. We have, therefore, made a systematic replacement of Thr within the inner ice-binding motifs as designated by Sicheri and Yang (11) , without changing other residues. The similarity of the two central ice-binding motifs at the start of the second and third 11-amino-acid repeats allowed the same substitution to be made twice, thereby magnifying the effect of the change ( Figure  1) . Also, by selecting the middle two ice-binding motifs there was no chance of disrupting the internally hydrogenbonded N-and C-terminal helix-cap structures.
Role of Threonine. It has always been assumed that Thr residues on winter flounder Type I AFP are largely responsible for ice binding. Their regular occupancy on one face of the helix suggests a lattice match mechanism and such a theory was advanced well before the availability of atomic resolution protein structures (3, 35) . However, the precise form of interaction of the hydroxyl with that of the ice water layer is not defined or understood. It is assumed that the hydroxyl makes hydrogen bonds with the ice layer and provides the necessary energy of binding. From the X-ray structure, threonines in type I AFP clearly adopted a preferred -60°rotameric conformation (11) . On the basis of this observation, it was suggested that Thr bind ice through a nonideal hydrogen-bonding arrangement since the hydroxyl does not protrude sufficiently from the plane of the helix. It was later confirmed by solution NMR study that Thr residues do frequently occupy the -60°state but only as one of several conformations (15) . In fact, all four Thr can rotate freely and are, therefore, not conformationally restrained prior to ice binding. It is reasonable to assume that the Thr adopt a similar rotameric state once they are bound to ice, since a random distribution of all possible Thr conformations would not produce the desired lattice matching distance of 16.7 Å. Regardless of the rotameric state of Thr, most computational studies place these residues above the water molecules that form the ridges of the {202 h1} surface (the {202 h1} surface has a regularly spaced ridge and valley topology) (8, 10, 12, 35) . This seems reasonable since short Thr side chain is probably not able to interact directly with those water molecules that lie in the valleys. Wierzbicki et al. (36) suggested that Thr binds along the outer corner of the ridge and it is therefore partly able to continue the crystal lattice in agreement with Knight's proposal of ice incorporation of Thr. Wen and Laursen (10) proposed a similar location for Thr and suggested that Thr make at least two hydrogen bonds to two water molecules.
RelatiVe Contributions of Thr Hydroxyl and Methyl Groups to Ice Binding. In all these studies, the contribution of Thr to ice binding is thought to be through its hydroxyl group. Yet it is interesting to observe that Ser, which should have similar hydrogen-bonding potential, is not found in the equivalent position to Thr in natural helical antifreezes (11, 17) . To see if these amino acids could serve the same function, the synthetic variant was made in which two Thr were replaced by Ser. The loss of activity was catastrophic. Among the more than 20 type I analogs known, only one amino acid replacement had previously led to a complete inactivation of the protein, namely the introduction of a proline preventing helix formation (34) . However, in this At high peptide concentrations LSAAN bound to ice and produced an ice crystal that matched the morphology of that obtained with wild-type AFP, indicating that the antifreeze was binding to the same pyramidal plane and, by inference, the same direction. Thus, the activity loss could be considered as a decrease in affinity for the ice site because it was compensated for by an increase in AFP concentration. The basis for this loss of affinity appears to be the lack of the γ-methyl group. Prior to the NMR study of Thr rotamers in type I AFP (15), one could have speculated that the basis for the loss of activity was that the hydroxyls were not locked into a uniform configuration that would allow simultaneous interaction (11) or zippering (8) to ice. However, this hypothesis does not seem probable based on a more indepth analysis.
It was observed that the Thr side chain has a 55% preference for the -60°rotamer (15) . In comparison, the Ser side chain of the LSAAN variant showed no preference for any of the three possible rotameric configurations (-60°, 180°, and 60°). If the protein adsorbed to the ice exhibited only one rotamer for this side chain, an assumption based on the ice-lattice-match hydrogen-bonding hypothesis, then different contributions of conformational entropy loss would be expected for these two side chains upon adsorption. However, given the mentioned population differences, the conformational entropy loss of the Thr side chain would be only 10% smaller than that of the Ser side chain. Using data from Gomez and Freire, (37) , the ∆∆S can be estimated to be <0.2 kcal/mol. In addition, the conformational energy differences between the Thr rotamers are neglible; a preference of 55% indicates that the -60°rotamer would favor the ice adsorption by <0.5 kcal/mol (only if the bound conformation was also -60°). Thus, while the differences in rotamer populations between the Ser and Thr variants will have small energetic consequences, their magnitude (<1 kcal/ mol per Thr substitution) is insufficient to explain the observed difference in antifreeze activity, in particular as the binding of the wild-type/Thr analog is generally perceived to be very high affinity or irreversible. Furthermore, from a kinetic viewpoint, it is unlikely that the rotamer population differences could affect the protein's activity. The NMR results indicate that rotational barriers for side chain rotation are low for both side chains, and the conformers interconvert rapidly especially when this is compared to the limiting diffusion rate of the protein in solution during the adsorption event.
The importance of the γ-methyl group on T13 and T24 was confirmed by the restoration of 80-90% activity in LVAAN. What was equally surprising about this variant was that the replacement of the hydroxyl group by a methyl group did not cause much loss in activity in a molecule that traditionally has been thought to have too few hydrogen bonds to bind tightly to ice. This result provides the first plausible evidence for an AFP ice-binding hypothesis that places an increased emphasis on the importance of van der Waals interactions between AFP and ice (38) . Val is a very good space-filling match for Thr (Figure 1) , and both residues exhibit sterically similar side chain rotamer preferences in these peptides and in general. Thus, the steric complementarity of the protein and ice surface are not compromised, leading to comparable van der Waals interactions of wildtype and LVAAN variant with the ice surface. Van der Waals interactions have been previously used to explain a 33% loss of antifreeze activity when L12 and L23 were replaced by alanine (34) .
In addition, significant favorable entropic contributions are likely to arise from the desolvation of protein and ice surfaces upon the protein binding to ice. The Thr-Val substitution will to some extent change the polar/nonpolar ratio of the protein surface that becomes buried upon protein-ice binding and thus affect this contribution. However, the L12A + L23A replacements (34) and the T13S + T24S mutations reported here will more significantly affect these entropic contributions. Not only will the protein's buried nonpolar and total accessible surface area be reduced upon binding, but the loss of surface complementarity could lead to less efficient solvent shielding of the interface (or protein-ice hydrogen bonds therein) and consequentially to a reduction of the total buried surface area and solvent related entropy gain.
Although it seems likely that hydrogen bonds contribute to the binding of AFP, if only due to the observed residual ice crystal growth with LVAAN and the slightly higher activity of LTAAN, in a thermodynamic analysis other differences such as the changed non-polar and polar surface areas would have to be considered for their enthalpic and entropic consequences. In conclusion, the described results certainly call into question the dominance of hydrogen-bond interactions in the protein-ice adsorption, but their importance, at least in absolute energetic terms, is not necessarily changed. The energetic contributions of hydrogen bonds can be as significant (or small) as previously proposed. It is however clear that other energetic contributions of at least similar magnitude exist and originate in nonpolar interactions in the protein-ice-water system.
